A one-dimensional model has been developed to investigate the thermal decomposition of rocket grade hydrogen peroxide (HP) in a stream of previously decomposed HP products. The model developed assumes steady, one-dimensional adiabatic flow and includes basic mass balances, droplet evaporation, gasphase decomposition kinetics, droplet dynamics, and control volume conservation laws. The code is adjustable for HP percent concentration for both main and secondary flows, massflow rates for both flows, and initial temperature of each. Results are shown to be consistent with prior experimental measurements. Parametric studies are presented to assess the effects of initial droplet size, secondary injectant flow, mass velocity in the primary stream, peroxide concentration, and initial liquid temperature on the decomposition process. In general, results indicate unacceptably-long decomposition distances assuming 90% HP decomposition products in the primary stream. Using 98% HP showed some improvement due to the enhanced decomposition temperature of this fluid as compared to 90% HP.
Nomenclature

Introduction
High concentration or "rocket grade" hydrogen peroxide has received increased attention for storable oxidizer applications in recent years due to its relative ease of use and low toxicity. The monopropellant characteristics of this fluid also provide unique advantages in many applications and permit the use of decomposition products for power generation or for use in "staged" bipropellant systems. Catalyst beds using silver screens or other catalytic material are frequently utilized to initiate decomposition of the fluid. However, the catalyst beds become quite bulky in higher massflow applications and there is an interest in a separate injection of liquid peroxide downstream of a catalyst bed exhaust in order to minimize system mass. In this concept, the aft-injected liquid would undergo evaporation and thermal decomposition of the hydrogen peroxide vapor evolved in this process. The focus of the present study is to develop a one-dimensional model that permits analysis of this process under arbitrary injection and catalyst bed exhaust conditions. The following section 
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Model Development
We presume a steady, one-dimensional adiabatic flow for the purposes of the study. Figure 1 introduces some of the relevant variables in the problem; the remainder of the variables are highlighted in the nomenclature section. Wall friction is neglected as the Reynolds numbers in problems of interest are very large. The aft-injected liquid spray is assumed to be monodisperse with a droplet size corresponding to its Sauter mean diameter. The gas phase composition is permitted to evolve in time and changes are reflected by vaporized and thermally-decomposed hydrogen peroxide. The specific heats of the decomposition products and of the hydrogen peroxide vapor are presumed to be constant in the analysis. The decomposition reaction is assumed to obey 1 st order unimolecular reaction kinetics per the work of prior researchers [1] [2] [3] [4] [5] [6] [7] . Major model elements include basic mass balances, kinetics modeling, droplet dynamics, and control volume conservation laws. These elements are discussed in the following subsections.
Mass Balances
The relative slip between the phases creates significant issues in the analysis. Presume that at t=0 we begin with a collection of n d droplets of initial diameter D o . These droplets are accelerated and evaporated by the gas stream over a time t v . The gases passing over the droplet cloud are assumed to be at the freestream conditions defined by the catalyst bed exhaust and the vapor emanating from the drops is presumed to be convected downstream at the velocity of the mixture. The distance traveled by the gas stream (x vg ) during this evaporation time can be estimated assuming constant gas velocity:
A control volume can be defined that includes the n d droplets and the volume/mass of catalyst bed gases that interact with the droplet cloud during the time which it is evaporating. Figure 2 provides a schematic representation of this control volume. Assuming that the flow path is of constant cross-sectional area, A, the mass of catalyst bed exhaust that interacts with the evaporating cloud can be expressed:
Assuming a quasi-steady process with regard to the injection and bulk inflow of gases, the flowrate ratio between the liquid injectant and gas must be the same as the mass ratio in the selected control volume. Under this constraint, we may write:
Such that the number of droplets required to achieve the given flow split is then:
As the droplets evaporate, they will change the composition and mass of gas within the control volume.
There will be a stratification of gas composition, pressure, and temperature as a result of the mixing of the vapor and the catalyst bed exhaust and from any decomposition reactions that occur during the time when the drops are evaporating. Droplets on the upwind side of the cloud will "see" catalyst bed exhaust conditions, while drops on the downstream side of the cloud will see cooled gases of different composition as a result of mixing of evaporant with the catbed gases.
To address this stratification issue, we track the mean properties of the cloud and presume that the vaporization rate is controlled by the energy interchange with the bulk temperature/composition of the gases (both catbed and evaporant) within the control volume. To this end, we begin by computing the average composition of the gases in the control volume.
Assuming that 90% hydrogen peroxide is decomposed in the catalyst bed, the decomposition reaction for this concentration can be written: . Similarly, the rate at which oxygen is created from the thermal decomposition reaction can be expressed:
16 34 or mm − = && (7) Finally, the rate of net peroxide creation (assuming 90% HP in the drops) is:
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HPvr mmm =+ &&& (8) where vaporization increases peroxide content and the decomposition reaction destroys HP in the control volume. Here we have assumed that the droplet evaporates uniformly in the sense that water is driven off at the equilibrium composition (10% of the droplet mass). In actuality, water is evaporated preferentially at least to some extent during the vaporization process. Since the vaporization process happens quickly in the cases of interest, we presume that this effect has only minor impact on results. Equations 6-8 can be integrated in time subject to the initial conditions given in Eq. 4 and the fact that m HP0 =0 (i.e. drops begin to evaporate at t=0). The vaporization and thermal decomposition rates appearing in Eqs. 6-8 are discussed in a subsequent section. Equations 6-8 are integrated using Huen's method [8] which is a second-order scheme based on trapezoidal integration.
Using the results of the mass integrations, the total gas mass in the control volume at any instant in time can be expressed: (9) and the instantaneous mass fractions of each of the constituents can be computed:
Finally, the resultant molecular weight of the mixture W mix , can be expressed in terms of the mass fractions and individual constituent molecular weights: 
Here, we have transformed time derivatives to spatial derivatives for the pressure and temperature terms in Eq. 14. These fluid properties are assumed to correspond to bulk properties in the control volume and conservation of momentum and energy will ultimately be used to compute these terms (as shown in the following section). Since the fluid in the control volume is assumed to travel at the bulk gas velocity, v, the time increment is related to the spatial increment via dt = dx/v. Now, the mole fraction of hydrogen peroxide can be related to the mass of hydrogen peroxide and total mass in the control volume, y HP 
Droplet Evaporation and Dynamics Model
The mass addition from vaporization can be computed using the simplified "D 2 law" model [9] :
where the k l is liquid thermal conductivity and Spalding number B q is defined:
This parameter measures the ratio of the enthalpy driving the evaporation to the enthalpy required to evaporate the fluid in the drop. Since the gas temperature varies with time/space in this application, Eq. 18 must be integrated numerically and the droplet size history does not exactly correspond to a D 2 law behavior.
Considering the forces on an individual drop, we can determine its instantaneous acceleration: As the droplet becomes vanishingly small, several of the drop characteristic equations above tend to diverge. For this reason, we choose a practical lower limit on the droplet mass in order to avoid numerical difficulties in integrating the equations beyond the point where drops vanish.
Droplets are assumed to be completely vaporized when their mass is reduced to 0.1% of the initial droplet mass. This threshold provides adequate accuracy in mass, energy and momentum balances on the control volume.
Control Volume Conservation Laws
As mentioned previously, the control volume for the analysis is assumed to be the mass of gas that passes over a given packet of droplets. The size of the control volume is fundamentally set by the droplet vaporization time as noted in Eqs. 1-4. The properties of the gas within the two-phase mixture are computed assuming perfect mixing of all evaporated peroxide/water with the remaining gases within the control volume. This assumption allows one to compute the bulk properties of the mixture as a function of distance traveled by the gas. Furthermore, the average environment realized by droplets within the control volume is assumed to be represented by gas properties computed under this assumption as previously stated in the droplet dynamics discussion above. The momentum and energy balances on the control volume follow the approach of Shapiro [11] . The unsteady evolution of the two-phase flow is treated in a parabolic fashion wherein gas property changes are determined by a spatial stepping procedure along the length of the combustion chamber.
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Energy interactions occur with the droplets via the opposing interactions of energy lost to vaporize the drops and energy gained from thermal decomposition. Kinetic energy interactions are small in the subsonic flows of interest, but are maintained for completeness. The initial thermal and kinetic energy entering an incremental control volume can be expressed:
Here m and v are the gas mixture mass and velocity, respectively and C pp and C pv are constant pressure specific heats of the decomposition products and HP vapor, respectively. The energy leaving the incremental control volume includes changes due to mass additions from vaporization, temperature changes, energy contributed to evaporated liquid, and energy liberated from the decomposition of HP vapor: Initially, the temperature is set to the temperature of the catalyst bed exhaust to provide the condition for initiating integration of Eq. 26.
The gas pressure distribution in the combustion chamber can be determined from a momentum balance on the control volume. Pressure forces and drag on the droplets represent the two forces imposed on the fluid and momentum interactions also occur due to the mass addition from the vaporized fluid. 
Using the fact that v = dx/dt, the derivative rr dm/dxvdm/dt = && . The remaining derivatives on the right-hand side of Eq. 29 are determined from first-order upwind differencing. The initial pressure is an input to the model and the drops are assumed to enter with no axial component of velocity in computing their initial drag.
The gas density, ρ , is computed from P.G. law:
and the local gas velocity is computed from continuity equation:
where A is the cross-sectional area of the combustion chamber.
Gas and Liquid Thermodynamic Properties
All gas and liquid thermodynamic properties for RGHP were taken from the Hydrogen Peroxide Handbook from Rocketdyne [12] . For the viscosity, liquid thermal conductivity, density, and vapor specific 8 heat fourth order curve fits were calculated from graphical data. Also, a specific curve fit was provided for the vapor pressure of 90% RGHP. Other parameters such as liquid specific heat, molecular weight, saturation temperature, binary diffusivity, activation energy, rate constant, and vapor thermal conductivity were taken as constant values over the entire decomposition process. All values used are listed in the table below. Vapor Thermal Conductivity 0.0542 Btu/hr ft R
Solution Methodology
Time and spatial integrations are performed using a second-order trapezoidal integration scheme, Huen's method, as mentioned previously.
The solution methodology for the scheme is as follows: 
Model Validation and Results
The model was validated against a series of experimental studies conducted at Purdue Univerity [14] . In these studies, 90% and 98% HP was injected downstream of a catalyst bed and the decomposition efficiency of the secondary injection was inferred from measured chamber pressures. Tests were conducted over a large range of secondary liquid injection percentages from 11 to 81% for chambers with characteristic lengths (L*) ranging from 24.5 to 54.5 inches. The overall efficiency (η tot ) was determined from measured chamber pressure data and presumed to be comprised of a weighted average of the efficiency of American Institute of Aeronautics and Astronautics 9 the primary ( η p ) and secondary ( η s ) injectant efficiencies:
(1) totsssp xx ηηη =+− (32) where x s is the ratio of secondary-to-primary massflows. Assuming that the catalyst bed is performing with perfect efficiency (η p =1), the decomposition efficiency for the secondary stream was determined from measured chamber pressure.
The model was used to simulate this process inputting the theoretical catalyst bed conditions and using the measured chamber pressures. The model was run with the x s value of interest and the integration was concluded at the entry to the nozzle throat section. At this location, the η tot value was assumed to be equivalent to the ratio of the unreacted HP vapor (m HP ) to the local mass of gas in the control volume, m. Equation 32 was then used to compute the corresponding η s value. The droplet size was adjusted to match experimental data at x s =0.2, and the same drop size was then used for other x s values to determine how well the model predicted the experimentally-observed trends. Figure 3 summarizes the experimental and analytical decomposition efficiencies for secondary injection of 90% peroxide. Here, the liquid mass fraction is the ratio of secondary mass flow to total mass flow and this is plotted against the total percent of peroxide decomposition.
A drop size of 100 microns, a reasonable value for a transverse jet injector as was used in the experiments, was assumed for all model simulations. Results show an excellent agreement over a wide range of liquid mass fraction values with the exception of the lone experimental data point at the very large flow split of 0.4. Figure 4 provides a similar comparison for the case where 98% fluid is used as the secondary injectant. Here, the best correlation with the more limited experimental results was obtained with a drop size of 135 microns. Since there is clearly a distribution of droplet sizes and the surface tension and density of the fluid do change somewhat from 90 to 98% concentration, there is good reason to expect that some adjustment in the drop size would be required in this case. Based on these encouraging results, the model was exercised over a broad range of conditions as summarized in the following section of the report. 
Figure 4: Comparison of Experimental Decomposition Efficiency Measurements [14] with Model Results for 98% HP Secondary Injection
A "baseline case" was created to assess the detailed behavior of the secondary injection process. Values for model inputs for this case are summarized in Table 2 below. A modest 5% secondary injection was selected for study and a typical catalyst bed flux of approximately 0.25 lb/s/in 2 was used in the simulations. Results from this case are summarized in Figs. 5-8. In  Fig. 5 , the gas properties, non-dimensionalized against their respective initial values, are plotted as a function of distance. The gas temperature drops initially due to the cooling effect of the droplet evaporation. As the thermal decomposition begins to take hold, the temperature increases and asymptotically approaches the initial catalyst bed exhaust temperature. Since the model assumes negligible heat losses outside the system, the decomposition temperature should eventually be attained. Slight differences were observed in some cases due to the effects of variable specific heats used in the 10 temperature integration. The minimum temperature attained in this baseline case corresponds to a 55°K drop.
The pressure in the gas drops very slightly for this modest injection condition as the gas must give up momentum to accelerate the drops to the local mixture velocity. The gas velocity has an interesting trend; the initial decrease is due to the cooling effect of the evaporation process raising the gas density in the control volume and thereby decelerating the flow. The increase in the latter stages is attributed to the additional mass represented by the evaporated drops. Probably the most compelling result of the simulation is the axial distances required to achieve thermal decomposition for this baseline case of only 5% secondary injection. Figure 6 compares gas and liquid velocities for the baseline conditions. The drops are accelerated to a velocity very near that of the gas as they vanish at an axial distance of about 13 inches from the injection point. Figure 7 shows the mass production rates for peroxide vapor, water, oxygen, and reacted fluid. Note that in this case, the peak reaction rates occur roughly midway through the drop evaporation process. The droplet size has a strong effect on this behavior as will be noted in following parametric studies. Figure 8 shows the actual masses of the three constituents in the mixture showing a peak peroxide concentration in the region where the reaction rate is also a maximum (maximum negative value). The baseline case results are terribly depressing from the point that we are requiring 15-25 inches of chamber length to permit the vaporization and thermal decomposition process to complete itself even for this modest 5% injection condition. To assess the reason for this unfortunate behavior, consider an isothermal case in which peroxide vapor is decomposed at various fixed gas temperatures. In this case, the reaction rate, K, is constant and an analytic solution exists for the concentration of HP as a function of time:
ln() Fig. 9 . The right axis in Fig. 9 also shows the concentration of hydrogen peroxide consistent with an adiabatic decomposition temperature on the left axis. Figure 9 provides some compelling results that point to the heart of the decomposition physics in this problem. For 90% HP, the decomposition temperature is around 1850°K, and the corresponding half life time is roughly one millisecond. This implies that it takes about one millisecond to halve the concentration of HP vapor formed in a secondary injection process; a relatively long time given the fact that gases traverse the combustion chamber in a comparable time interval. Of course, if substantial cooling results from the secondary injection, the process will take even longer as K drops exponentially with temperature.
Readers should note the large sensitivity of the inherently exponential result.
For temperature consistent with a 95% HP exhaust, the half-life time is decreased an order of magnitude to 0.1 msec. At bipropellant combustion temperatures, the decomposition process is literally measured on a microsecond timescale and is all but instantaneous in terms of the millisecond-level fluid mechanic-related times. While a negative result in terms of a classical thermal decomposition, Fig. 9 points to the incredible benefits that can be obtained by conducting the thermal decomposition at higher temperatures. Prior experience with hybrid rockets [15] running in the thermal decomposition mode have provided experimental confirmation of this result ; i.e. extremely efficient decomposition (and the subsequent combustion) can be attained in reasonable length combustion chambers. 
Parametric Studies
While the prior results indicate great difficulties in achieving thermal decomposition of HP vapor in HP decomposition products, there is still much insight that can be obtained from conducting parametric studies with the model. Studies were conducted to independently assess the effects of varying the secondary liquid hydrogen peroxide mass flow, the initial drop diameter, the secondary liquid hydrogen peroxide concentration, the mass flux or gas velocity, and the droplet 12 temperature, respectively.
The following section provides a summary of these studies.
Effect of Varying Secondary Liquid HP Mass Flow
The percentage of secondary liquid mass flow to main catbed flow was varied to analyze the effect on the thermal decomposition process.
All other input variables remained fixed at the values shown in Table 2 . Figure 10 depicts the resulting gas temperature distributions for various secondary liquid mass flow percentages of the main catbed flow. The point where the curve ends represents the calculated decomposition distance. One can note that for the 14% injection case, the liquid injection nearly freezes the peroxide vapor concentration as the temperature drop is severe enough to nearly eliminate the thermal decomposition mechanism. The reaction rate, K, drops from an initial value of over 600/sec at the 1850R temperature to 1.77/sec at the 1480K minimum temperature of the evaporatively-cooled gases. This dramatic reduction in reaction rate all but eliminates thermal decomposition. Figures 11 and 12 present the effects of secondary injection level on gas pressures and velocities. Pressure drops increase with secondary injection as a larger amount of momentum exchange is required to accelerate the larger amounts of liquid, although overall drops in all cases are quite small. Gas velocities increase according to the larger variations in flow attendant to larger liquid injection fractions. Figure 13 summarizes the decomposition distance as a function of percent secondary liquid injection assuming threshold values signaling the end of the process at 1% or 5% of the original peroxide present within the liquid. The results are disheartening in that large distances are required even for modest levels of secondary injection. Finally, Table 3 gives the numerical data for calculated decomposition distance. 
Effect of Initial Drop Diameter
Next, the effect of initial drop diameter was explored and the model was run for droplets ranging from 50 to 600 microns. All other inputs were maintained at the values provided in Table 2 . The range of sizes considered gave very large ranges of decomposition distances, for this reason results are summarized for smaller and larger drops in Figs. 14 and 15, respectively. For small drops, the process tends to be kinetics limited, i.e. very little decomposition occurs during the vaporization event due to its speed and the large amount of cooling occurring in this case. The larger drops show the opposite trend of being essentially vaporization limited in that the decomposition kinetics essentially keep the local vapor content very low as a result of the increased vaporization time. This result indicates some prospects of managing thermal decomposition processes using larger drops or lower evaporation rates. If a vertical structure can be created to enhance droplet lifetimes in a given chamber, then it may be possible to keep temperatures high enough to get efficient thermal decomposition. Figure 16 summarizes the resulting decomposition distances based on ending criteria of either 1% or 5% of the original peroxide present. Despite the deleterious effects of large evaporative cooling, the smaller drops still maintain shorter decomposition lengths than the larger drops for the configuration studied. Table 4 contains the numerical data for droplet diameter variation. 
Effect of Secondary Liquid Hydrogen Peroxide Concentration
It was discovered that values of peroxide concentration below 90% produce unacceptably large decomposition distances in the cases discussed above. While silver-based catalyst beds cannot operate using 98% fluid, it would be feasible to aft-inject this fluid to increase energy content and promote more rapid decomposition. A study was conducted on this basis at various injection fractions with other input parameters fixed at values shown in Table 2 . Figure 17 depicts the effect of percent secondary liquid injection on gas temperature for various injection fractions. As in the 90% injection case (Fig. 10) , the decomposition distance increases drastically when evaporative cooling drives gas temperatures below 1500°R. Final temperatures exceed the initial values in this case due to the additional energy release in the decomposition of the 98% fluid. Figures 18 and 19 show the effect of gas pressure and velocity for 98% liquid peroxide with trends quite comparable to the 90% injection results. Figure 20 provides the resulting decomposition distances assuming 1% or 5% of the original peroxide remains and Figure  21 compares decomposition distances of 90% and 98% assuming 1% of the original peroxide remains. Substantial benefits in the reduction of decomposition distance can be achieved using 98% fluid. Finally, Table 5 provides the numerical data for decomposition distances. Table 2 . Increasing mass flux basically increases gas velocity and stretches the axial coordinate accordingly. The higher velocities do create larger pressure drops (Fig. 23) since the momentum losses scale as ρv 2 . The scaling of gas velocities with mass flux is shown in Fig. 24 . The fact that increased mass flux essentially leads to a stretching of the axial distance (i.e. events still occur over the same time interval) leads to a nearly linear relationship between decomposition distance and mass flux shown in Figure 25 . Table 6 provides the numerical data. Effect of Injected Liquid Temperature Some power cycles utilize the peroxide as a coolant prior to injection into the thrust chamber; for this reason, the effect of injectant temperature was investigated assuming remaining inputs remained at values shown in Table 2 . Evaporation rates increase and gas subcooling effects decrease with increased liquid injectant temperature as noted in Fig. 26 . The overall decomposition distance decreases accordingly as injectant temperature increases as summarized in Fig. 27 for the 1% threshold indicating the decomposition length. Table 7 gives the numerical data. 
Conclusions
A one-dimensional model has been created to simulate the vapor-phase decomposition of hydrogen peroxide in a gas stream composed of HP decomposition products. The tool includes the effects of the finite-rate vapor phase kinetics, droplet evaporation and drag, and local gas temperature and pressure, and can be used for arbitrary HP concentrations in both main and secondary injectant streams. A single droplet size representative of the Sauter Mean Diameter of the parent spray is assumed in the integration. By adjusting this single parameter, excellent agreement is shown with measured data [14] for the case of 90% HP injectant and main flows.
A baseline case was selected to investigate 5% secondary injection of 90% HP into a 90% HP exhaust with a modest catalyst bed loading near 0.25 lb/in 2 -s. A 100 micron initial drop diameter was selected based on results from validation studies. The performance of the secondary injection for this case is disheartening in that reaction lengths on the order of 18 inches are required even for this case of a fairly modest 5% secondary injection. The source of the problem was tracked to the kinetic half life of the vapor-phase decomposition process. The half-life is on the order of milliseconds for temperatures consistent with 90% HP decomposition, but drops rapidly to microsecond levels at bipropellant combustion temperatures. This unfortunate condition limits the appeal of thermal decomposition for monopropellant applications, although at higher concentrations more reasonable reaction distances are obtained.
The amount of secondary injection had strong effects on decomposition distance as the evaporative cooling effect nearly quenches the thermal decomposition reaction at higher secondary injection rates. The initial droplet size also had profound effects on the decomposition process. For very small drops (less than 100 microns), the process is inherently kinetics controlled, with large amounts of evaporative cooling taking place before significant vapor phase decomposition occurs. For large drops (greater than 200 micron), the process is inherently vaporization-limited as the decomposition keeps up reasonably well with the evaporation rates. Even though the cooling effects lengthen the process, the smaller drops still had shorter decomposition lengths. There may be mechanisms to utilize larger drops and maintain gas temperature if novel strategies can be devised to increase chamber residence times.
Simulations were also conducted using 98% fluid as the secondary injectant. The increased energy of these drops did improve results somewhat, but reaction lengths were still too long to be of use in practical combustors for aerospace applications. Increasing the temperature of the injectant also had beneficial effects. Increasing the chamber velocities or catalyst bed mass fluxes essentially led to proportional increases in reaction lengths, i.e. reaction times remained about the same.
